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(57) ABSTRACT

An AD conversion apparatus includes: a first AD converter
for converting an input analog signal into a first digital signal;
a second AD converter for converting an analog signal
obtained as a result of multiplying the input analog signal by
a coellicient o into a second digital signal; a first computing
unmt for multiplying the first digital signal output by the first
AD converter by o* obtained as a result of squaring the
coellicient o; a second computing unit for multiplying the
second digital signal output by the second AD converter by
o~ which is the reciprocal of the coefficient o.; and a third
computing unit for computing a difference between a first
computation result output by the first computing unit and a
second computation result output by the second computing,
unmt and outputting the difference as aresult of AD conversion
carried out on the input analog signal.

6 Claims, 7 Drawing Sheets

10

11 e, 112

PN V

ot 5D

___________ 14

12 e, al
: . NP
O—4 ADC2 | O

D0



U.S. Patent Jun. 18, 2013 Sheet 1 of 7 US 8,466,822 B2

FIG.1




US 8,466,322 B2

Sheet 2 of 7

Jun. 18, 2013

U.S. Patent

" ﬁvu_l
N
‘3 T
“ ﬂwu_u
N
o TT
0T
914

el



U.S. Patent Jun. 18, 2013 Sheet 3 of 7 US 8,466,822 B2

FIG. 3

10A

11A 1/4

Pipeline "‘

ADC1 14A
X 16 Y
O C
Pipeline \/
ADC?2 ’A‘ 15A



U.S. Patent Jun. 18, 2013 Sheet 4 of 7 US 8,466,822 B2

T14 SWI19

C21
P

U o N*¥C11 T ND17 ND19
+Vin ﬁ

swii/  nND11 ‘! ND13

SW12y ND12 ND14 5W23
-Vin

dl X
¥ N\ C12 ND18 ND20

SW24
sw14 L | swie C22

T15

(P/ SW20

+Vref é)—o\

W21~ g ND16
Vem <—Q
Cfb12

P

-Vref



U.S. Patent Jun. 18, 2013 Sheet 5 of 7 US 8,466,822 B2

FIG.S5S
10B
11B 1/16
|
(T
T



US 8,466,322 B2

Sheet 6 of 7

“:._O>|_|

Jun. 18, 2013

Teueng

O Ol1d

U.S. Patent

\_

TELNI

PED

R0,

1advy

{

[eddyv

TOVAA |

LEY

¢U<Q>P

W/9EY
CEIxIN

TEDxIA

{

CELNI

“_30\/

caav; TE€dxN

{

¢edayv

W/SEY

mU<Q>P

CEdxN

O wuip

f.aEﬁr

() dula



U.S. Patent Jun. 18, 2013 Sheet 7 of 7 US 8,466,822 B2

100
110 120 130
ANALOG DIGITAL
SIGNAL SIGNAL
INPUT | ANALOG-SIGNAL AD DIGITAL-SIGNAL| QuTPUT

CONVERSION
APPARATUS

PROCESSING
CIRCUIT

PROCESSING
CIRCUIT




US 8,466,322 B2

1

ANALOG-TO-DIGITAL CONVERSION
APPARATUS AND SIGNAL PROCESSING
SYSTEM

BACKGROUND

The present disclosure relates to an analog-to-digital (AD)
conversion apparatus employed 1n mainly a recerving appa-
ratus used 1n a radio communication 1n addition to audio
equipment and medical measurement equipment and also
relates to a signal processing system making use of the AD
conversion apparatus.

FIG. 1 1s a diagram showing a rough configuration of an
AD converter (ADC) 1.

In FIG. 1, reference notation X denotes an input voltage
supplied to the AD converter 1. The input voltage X 1s an
analog signal. On the other hand, reference notation Y
denotes an output voltage generated by the AD converter 1.
The output voltage Y 1s a digital signal.

The AD converter 1 generates distortions caused by non-
idealities of circuit components employed internally 1n the
AD converter 1. When the circuit components generate dis-
tortions, the output voltage Y generated by the AD converter
1 includes not only the fundamental wave component, but
also harmonic components.

The even-order distortion components included 1n the har-
monic components can be suiliciently attenuated by design-
ing the AD converter 1 into a fully differential configuration.
However, the odd-order distortion components included 1n
the harmonic components are output by the AD converter 1 as
they are.

If the AD converter 1 shown in FIG. 1 has a distortion
characteristic, for an input voltage X small to a certain degree,
the output voltage Y 1s expressed by Eq. (1) as follows.

Y=a,X+a:X°+as X+ . . . (1)

Retference notation a, used 1n the above equation denotes
the gain of the distortion component of the 1th order. It 1s
obvious from the equation that the distortion components of
the even order are not generated as described above.

SUMMARY

Since, 1 the case of normal harmonic distortion compo-
nents, as the order increases, the gain decreases, the total
distortion characteristic of AD converter 1s dominated by
harmonic distortion components starting with the third-order
harmonic distortion component.

This 1s because, as 1s obvious from Eq. (1), as the input
voltage X 1increases, the distortion components each rise
exponentially.

Thus, 1n the past, 1n order to improve the distortion char-
acteristic, the mput voltage X was limited to a small magni-
tude. In other words, the dynamic range of the ADC was
limited by distortions.

The present disclosure provides an AD conversion appara-
tus capable of much improving the characteristic of the AD
conversion whose dynamic range 1s limited by distortions and
provides a signal processing system employing the apparatus.

An AD conversion apparatus according to a first form of a
technology provided by the present disclosure includes:

a first AD converter configured to convert an input analog
signal into a first digital signal;

a second AD converter configured to convert an analog
signal obtained as a result of multiplying the mput analog
signal by a coellicient a 1to a second digital signal;
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2

a first computing unit configured to multiply the first digital
signal output by the first AD converter by a* obtained as a
result of squaring the coellicient a;

a second computing unit configured to multiply the second
digital signal output by the second AD converter by o.” which
1s the reciprocal of the coetlicient ; and

a third computing unmt configured to compute a difference
between a first computation result output by the first comput-
ing unit and a second computation result output by the second
computing unit and to output the difference as a result of AD
conversion carried out on the mput analog signal.

A signal processing system according to a second form of
the technology provided by the present disclosure has an AD
conversion apparatus configured to convert an input analog
signal generated by an analog-signal processing system 1nto
an output digital signal. The AD conversion apparatus
includes:

a first AD converter configured to convert the input analog,
signal into a first digital signal;

a second AD converter configured to convert an analog
signal obtained as a result of multiplying the mput analog
signal by a coefficient ¢ mto a second digital signal;

a first computing unit configured to multiply the first digital
signal output by the first AD converter by o.° obtained as a
result of squaring the coellicient a;

a second computing unit configured to multiply the second
digital signal output by the second AD converter by o.™" which
1s the reciprocal of the coetlicient ¢.; and

a third computing umt configured to compute a difference
between a first computation result output by the first comput-
ing unit and a second computation result output by the second
computing unit and to output the difference as a result of AD
conversion carried out on the iput analog signal.

In accordance with the technology provided by the present
disclosure, 1t 1s possible to much improve the characteristic of
AD conversion whose dynamic range 1s limited by distor-
tions.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram showing a rough configuration of an
ADC (Analog to Digital Converter);

FIG. 2 1s a diagram showing the configuration of an AD
conversion apparatus having a distortion compensation func-
tion according to a first embodiment of the present disclosure;

FIG. 3 1s a diagram showing the configuration of an AD
conversion apparatus having a distortion compensation func-
tion according to a second embodiment of the present disclo-
Sure;

FIG. 4 1s a circuit diagram showing a typical configuration
of the mput stage of each pipeline AD converter shown 1n
FIG. 3;

FIG. 5 1s a diagram showing the configuration of an AD
conversion apparatus having a distortion compensation func-
tion according to a third embodiment of the present disclo-
SUre;

FIG. 6 1s a circuit diagram showing a typical configuration
of adelta-sigma (AX2) modulator serving as a AX AD converter
shown 1n FIG. §; and

FIG. 7 1s a block diagram showing a typical configuration
ol a signal processing system according to a fourth embodi-
ment of the present disclosure.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

PR.

(L]
=T

ERRED

Embodiments of the present disclosure are explained
below by referring to the diagrams.
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It 1s to be noted that the embodiments of the present dis-
closure are explained 1n chapters arranged as follows:
1: First Embodiment
2: Second Embodiment
3: Third Embodiment
4: Fourth Embodiment

1: First Embodiment

FIG. 2 1s a diagram showing the configuration of an AD
conversion apparatus 10 having a distortion compensation
function according to a first embodiment of the present dis-
closure.

As shown 1n the figure, the AD conversion apparatus 10
according to this embodiment employs an ADC1 serving as a
first AD converter 11, an ADC2 serving as a second AD
converter 12, a gain multiplication circuit 13, a first multiplier
14, a second multiplier 15 and a subtractor 16.

The gain multiplication circuit 13 can be provided on the
input side of the second AD converter 12.

The first multiplier 14 serves as a first computing unit, the
second multiplhier 15 serves as a second computing unit
whereas the subtractor 16 serves as a third computing unit.

In FIG. 2, reference notation X denotes an mnput voltage
supplied to the AD conversion apparatus 10. The mput volt-
age X 1s an analog signal. On the other hand, reference nota-
tion Y denotes an output voltage generated by the AD con-
version apparatus 10. The output voltage Y 1s a digital signal.

In this embodiment, the first AD converter 11 and the
second AD converter 12 are AD converters having entirely the
same characteristic. Reference notation e, denotes noise gen-
crated by the first AD converter 11 whereas reference notation
¢, denotes noise generated by the second AD converter 12.

The gain multiplication circuit 13 provided on the input
side of the second AD converter 12 as described above mul-
tiplies the mput voltage X at a gain a where a<1. The gain
multiplication circuit 13 1s an analog circuit.

In this embodiment, the first AD converter 11 receives the
input voltage X as 1t 1s. On the other hand, the second AD
converter 12 receives a signal generated by the gain multipli-
cation circuit 13 as a result of multiplying the input voltage X
by the gain .

The first multiplier 14 multiplies a signal received from the
first AD converter 11 by the square of the gain o 1n order to
generate a signal yv1 and supplies the signal y1 to the subtrac-
tor 16.

On the other hand, the second multiplier 15 multiplies a
signal recerved from the second AD converter 12 by 1/a 1n
order to generate a signal y2 and supplies the signal y2 to the
subtractor 16.

The subtractor 16 computes a difference between the signal
y2 generated by the second multiplier 15 and the signal y1
generated by the first multiplier 14, outputting the difference
as the output voltage Y of the AD conversion apparatus 10.

In the operations described above, both the first AD con-
verter 11 and the second AD converter 12 exhibit an input/
output transier characteristic expressed by Eq. (1). Thus, if
the noises e, and e, are not taken 1nto consideration, the signal
yl generated by the first multiplier 14 and the signal y2
generated by the second multiplier 15 can be expressed by
Egs. (2) and (3) respectively as follows.

v =0’a X+0°a: X"

(2)

(3)

It 1s to be noted that, 1n the case ol Eqgs. (2) and (3), only the
dominant third-order distortion component of the distortion
components 1s taken into consideration.

_ 2 3
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From Egs. (2) and (3), the output voltage Y generated by
the AD conversion apparatus 10 shown i FIG. 2 can be
expressed by Eq. (4) which shows that the third-order distor-
tion component 1s cancelled out.

Y=(1-c*)a, X

(4)

The signal component also decreases. However, the
present technology provided by this embodiment 1s different
from the existing technology 1n which a small input signal X
is merely multiplied by (1-a*) so that the output signal Y
includes the third-order distortion component expressed by a,
(1-a*)’X.

In the case of the technology provided by this embodiment,
on the other hand, the third-order distortion component is
cancelled out as described above.

In addition, noises are generated in the actual AD con-
verter. Thus, 1t the noises e, and e, shown in FIG. 2 are
generated, a noise e, . appearing in the output voltage Y 1s
expressed by Eq. (5) as follows.

|

e 2
Coui b €U € (5)

As described above, the first AD converter 11 and the
second AD converter 12 are AD converters having entirely the
same characteristic. Thus, the noise e, generated by the first
AD converter 11 also has the same power as the noise e,
generated by the second AD converter 12, that 1s, e,=¢,.
Taking the fact that e, =e,=e 1nto consideration, from Egs. (4)
and (5), the SNR (Signal to Noise Ratio) at the output of the
AD conversion apparatus 10 can be expressed by Eq. (6) as
follows.

Y  all-a%) g X (6)
SNR = = :

€ out

V1+ab €

The SNR at the output of the AD conversion apparatus 10
for a case 1n which the input voltage X 1s supplied to the first
AD converter 11 or the second AD converter 12 1itselt1s a, X/e.
It 1s obvious from Eq. (6) that this embodiment inadvertently
deteriorates the SNR. For approximately a=0.55, the SNR
reaches a maximum value.

In the case of a expressed by 1/(power of two), on the other
hand, the analog coelficient of a can be implemented with
case. In addition, the digital coellicient of a can also be
implemented by a simple bit shiit operation.

Thus, if the easiness of the implementation of the coelli-
cient 1s taken into consideration, a=0.5 (=%2) 1s the most
desirable coetficient. For a=0.5, the deterioration of the SNR
1s about 8 dB.

2: Second Embodiment

FIG. 3 1s a diagram showing the configuration of an AD
conversion apparatus 10A having a distortion compensation
function according to a second embodiment of the present
disclosure.

The AD conversion apparatus 10A according to the second
embodiment 1s different from the AD conversion apparatus
10 according to the first embodiment in that, a first AD con-
verter 11A and a second AD converter 12A which are
employed 1n the AD conversion apparatus 10A are both a
pipeline AD converter.

Instead of multiplying the signal X supplied to the second
pipeline AD converter 12 A by a gain as 1s the case with the AD
conversion apparatus 10, the magnitude of a signal supplied
to a pipeline AD converter can be changed internally in the
pipeline AD converter as will be described later.
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As shown 1n FIG. 3, the AD conversion apparatus 10A
according to the second embodiment employs an ADC1 serv-
ing as a first pipeline AD converter 11 A, an ADC2 serving as
a second pipeline AD converter 12A, a first multiplier 14A, a
second multiplier 15A and a subtractor 16.

In the case of the second embodiment, the coeflicient o
used for eliminating distortion components 1s set at 0.5. Thus,
the first multiplier 14A multiplies a signal output from the
first pipeline AD converter 11A by %4 whereas the second
multiplier 15A multiplies a signal output from the second
pipeline AD converter 12A by 2.

FIG. 4 1s a circuit diagram showing a typical configuration
of an input-stage circuit 20 of the pipeline AD converter 11A
or 12A shown 1n FIG. 3.

The mput-stage circuit 20 shown in FIG. 4 employs an
OTA (Operational Transconductance Amplifier) 21, capaci-
tors C21 and C22 as well as sampling capacitors N*C11,
N*C12, Cib11 and Cib12.

In addition, the input-stage circuit 20 also has a terminal
T11 for receiving a differential input voltage Vin, a terminal
112 for receiving a differential input voltage —Vin, a terminal
113 for receving a reference voltage Vrel for the positive-
side input voltage and a terminal T14 for recetving a reference
voltage —Vref for the positive-side input voltage.

On top of that, the input-stage circuit 20 also has a terminal
T15 for recerving the reference voltage Vrel for the negative-
side input voltage and a terminal T16 for receiving the refer-
ence voltage —Vret for the negative-side imput voltage.

Furthermore, the input-stage circuit 20 also includes
switches SW11 to SW24 as well as nodes ND11 to ND20.

The capacitor N*C11 1s connected between the nodes
ND11 and ND13 whereas the capacitor N*C12 1s connected
between the nodes ND12 and ND14.

The capacitor Cib11 1s connected between the nodes ND15
and ND13 whereas the capacitor Cib12 1s connected between
the nodes ND16 and ND14.

The capacitor C21 1s connected between the first input-side
node ND17 of the operational transconductance amplifier
OTA21 and the first output-side node ND19 of the operational
transconductance amplifier OTA21 whereas the capacitor
(C22 1s connected between the second mnput-side node ND18

ol the operational transconductance amplifier OTA21 and the
second output-side node ND20 of the operational transcon-
ductance amplifier OTA21.

The switch SW11 1s connected between the input terminal
111 and the node ND11 and turned on and off by a signal ®d1
whereas the switch SW12 1s connected between the input
terminal T12 and the node ND12 and turned on and off by the
signal ®d1.

The switch SW13 1s connected between the node ND11
and a reference electric potential and turned on and off by the
inverted signal/® of a signal ®. Reference notation *“/”” indi-
cates the iverted signal of a signal denoted by the signal
reference notation.

The switch SW14 1s connected between the node ND12
and the reference electric potential and turned on and off by
the inverted signal/® of the signal ®@.

The switch SW13 1s connected between the node ND13
and the reference electric potential and turned on and off by
the inverted signal/® of the signal ®.

The switch SW16 1s connected between the node ND14
and the reference electric potential and turned on and off by
the inverted signal/® of the signal ®.

The switch SW17 1s connected between the input terminal

113 and thenode ND15 and turned on and oif by the signal ®.
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The switch SW18 1s connected between a common electric
potential Vcm and the node ND1S and turned on and off by
the inverted signal/® of the signal ®@.

The switch SW19 1s connected between the mput terminal
114 and the node ND15 and turned on and oif by the signal ®.

The switch SW20 1s connected between the mput terminal
T15 and thenode ND16 and turned on and oif by the signal ®.

The switch SW21 1s connected between the common elec-
tric potential Vcm and the node ND16 and turned on and off
by the mverted signal/® of the signal O.

The switch SW22 1s connected between the mput terminal
116 and the node ND16 and turned on and oif by the signal ®.

The switch SW23 1s connected between the node ND13
and the node ND17 and turned on and off by the mverted
signal/® of the signal @.

The switch SW24 1s connected between the node ND14
and the node ND18 and turned on and off by the inverted
signal /@ of the signal P.

In the typical configuration shown in FIG. 4, the switches
SWI11,SW12, SW15, SW16, SW17 and SW22 have been put
in a turned-on state.

With the switch SW13 put 1n a turned-on state, the capaci-
tor N*C11 samples the mput voltage Vin. With the switch
SW15 put 1n a turned-oif state, on the other hand, the capaci-
tor N*C11 generates the sampled input voltage Vin on the
node ND13, outputting a voltage signal representing the
sampled mnput voltage Vin.

With the switch SW16 put 1n a turned-on state, the capaci-
tor N*C12 samples the input voltage —Vin. With the switch
SW16 put in a turned-oif state, on the other hand, the capaci-
tor N*C12 generates the sampled mput voltage —Vin on the
node NDI14, outputting a voltage signal representing the
sampled mput voltage —Vin.

The capacitors Cib11 and Cib12 have the same function as
the capacitors N*C11 and N*C12. To put 1t in detail, the
capacitors Cib11 and Cib12 sample the sampled reference
voltage Vret (or —Vrel) or the common voltage Vem, gener-
ating a voltage signal on the nodes N15 and NID16 respec-
tively.

As described above, 1in the second embodiment, the first
pipeline AD converter 11 A and the second pipeline AD con-
verter 12A adopt a technology for eliminating distortion com-
ponents, and the coelfficient o for eliminating the distortion
components 1s set at 0.5.

In this case, 1t 1s necessary to multiply the analog input
signal supplied to the second pipeline AD converter 12A by
the coelficient ¢ having a value of 0.5. However, the multi-
plication of the analog input signal supplied to the second
pipeline AD converter 12A by the coetlicient o having a value
of 0.5 can be implemented with ease by setting the capaci-
tances of the capacitors N*C11 and N*C12 serving as input
components of the first pipeline AD converter 11 A at values
different from the capacitances of the capacitors N*C11 and
N*(C12 serving as mput components of the second pipeline
AD converter 12A shown in FIG. 4.

That 1s to say, 1n the first pipeline AD converter 11A, N 1s
set at 2 (that 1s, N=2). In the second pipeline AD converter
12A, on the other hand, N 1s set at 1 (that 1s, N=1).

Since the coellicient a to be used as a multiplier of the
signal supplied from each of the first and second pipeline AD
converters 11 A and 12A 1s set at 0.5 (that1s, a=0.35), the value
of o” used by the first multiplier 14A on the output side of the
first pipeline AD converter 11A 1s 0.25 (or V4), that 1s,
a*=0.25 (or V4).

On the other hand, the value of a™" used by the second
multiplier 15A on the output side of the second pipeline AD
converter 12A is 2, that is, o= '=2.
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These multiplications can be implemented by bit-shift
operations of digital codes output by the first pipeline AD
converter 11 A and the second pipeline AD converter 12A.

3: Third Embodiment

FIG. 5 1s a diagram showing the configuration of an AD
conversion apparatus 10B having a distortion compensation
function according to a third embodiment of the present dis-
closure.

The AD conversion apparatus 10B according to the third
embodiment 1s different from the AD conversion apparatus
10 according to the first embodiment in that, in the case of the
AD conversion apparatus 10B, a first AD converter 11B and a
second AD converter 12B which are employed in the AD
conversion apparatus 10B are both a AX AD converter of a
continuous time system.

As shown 1 FIG. 5, the AD conversion apparatus 10B
according to the third embodiment employs an ADC1 serving
as a first AX AD converter 11B, an ADC2 serving as a second
A2 AD converter 12B, a first multiplier 14B, a second multi-
plier 15B and a subtractor 16.

In the case of the third embodiment, the coefficient . used
for eliminating distortion components 1s set at 0.25. Thus, the
first multiplier 14B multiplies a signal output from the first AX
AD converter 11B by V1s whereas the second multiplier 15B
multiplies a signal output from the second AX AD converter
12B by 4.

FIG. 6 1s a circuit diagram showing a typical configuration
of a AX modulator 30 serving as a AX AD converter employed
in the AD conversion apparatus 10B shown in FIG. 5.

The AX modulator 30 shown 1 FIG. 6 1s designed to
function as a second-order 1-bit feedback AX modulator of a
continuous time system.

The AX modulator 30 shown 1 FIG. 6 1s configured to
serve as a circuit for recerving differential mput signals.

In FIG. 6, reference notation V,,, denotes a positive-side
analog mnput signal, reference notation V,, _ denotes a nega-
tive-side analog input signal, and reference notation V__ .
denotes a digital output signal.

In addition, reference notation V, ., denotes the positive
reference voltage of a first digital-to-analog (DA) converter
DAC31 and a second DA converter DAC32, reference nota-
tion 'V, 5, denotes the negative reference voltage of both DA
converters, and reference notation Vck denotes a clock signal.

As shown 1n FIG. 6, the AX modulator 30 has a first analog
signal input terminal T, . a second analog signal input ter-

minal T, a first reterence voltage input terminal T, . a
second reference voltage 1nput terminal 1, . and a clock
input terminal T, .

In addition, the AX modulator 30 also includes an input
resistor N*R31, an input resistor N*R32 and a digital-signal
output terminal T, ..

On top of that, the AX modulator 30 also employs a resistor
R37 connected to the first output terminal T, , ~, of afirst DA
converter DAC31 and a resistor R38 connected to the second
output terminal T, . of the first DA converter DAC31.

Furthermore, the AX modulator 30 also employs a resistor
R35/M connected to the first output terminal T, ,, of a
second DA converter DAC32 and a resistor R36/M connected
to the second output terminal T, ., of the second DA con-
verter DAC32.

Moreover, the AX modulator 30 also has a first adder
ADD31, aresistor R33 and a resistor R34 which are provided
at the output of a second integrator INT32.

In addition, the A2 modulator 30 also has a second adder

ADD32.
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The first adder ADD31 includes a first terminal T ,,, at
the connection point between the resistors R33 and R37 as
well as a second terminal T ,,,, at the connection point
between the resistors R34 and R38.

On the other hand, the second adder ADD32 includes a
third terminal T ,,,, at the connection point between the
resistors N*R31 and R36/M as well as a fourth terminal
T , 4 at the connection point between the resistors N*R32
and R35/M.

The first integrator INT31 has a differential input/output
operational transconductance amplifier OTA31, a capacitor
(C33 and a capacitor C34.

The negative-side mput terminal (or the inverting input
terminal —) of the operational transconductance amplifier
OTA31 1s connected to the first terminal T ,,,, of the first
adder ADD31 whereas the positive-side input terminal (or the
non-inverting mput terminal +) of the operational transcon-
ductance amplifier OTA31 1s connected to the second termi-
nal T ,,,, of the first adder ADD?31.

The positive-side output terminal of the operational
transconductance amplifier OTA31 1s connected to the posi-
tive-side 1mput terminal of a quantizer Quan31 whereas the
negative-side output terminal of the operational transconduc-
tance amplifier OTA31 1s connected to the negative-side input
terminal of the quantizer Quan31.

The capacitor C33 1s connected between the negative-side
input terminal of the operational transconductance amplifier
OTA31 and the positive-side output terminal of the opera-
tional transconductance amplifier OTA31.

The capacitor C34 1s connected between the positive-side
input terminal of the operational transconductance amplifier
OTA31 and the negative-side output terminal of the opera-
tional transconductance amplifier OTA31.

By the same token, the second integrator INT32 has a
differential input/output operational transconductance ampli-
fier OTA32, a capacitor M*(C31 and a capacitor M*C32.

The negative-side mput terminal (or the inverting input
terminal —) of the operational transconductance amplifier
OTA32 1s connected to the third terminal T , 555 of the second
adder ADD32 whereas the positive-side input terminal (or the

non-inverting input terminal +) of the operational transcon-
ductance amplifier OTA32 1s connected to the fourth terminal
T ,~»na 01 the second adder ADD32.

The positive-side output terminal of the operational
transconductance amplifier OTA32 1s connected to the resis-
tor R33 whereas the negative-side output terminal of the
operational transconductance amplifier OTA32 1s connected
to the resistor R34.

The capacitor M*C31 1s connected between the negative-
side input terminal of the operational transconductance
amplifier OTA32 and the positive-side output terminal of the
operational transconductance amplifier OTA32.

The capacitor M*(C32 1s connected between the positive-
side input terminal of the operational transconductance
amplifier OTA32 and the negative-side output terminal of the

operational transconductance amplifier OTA32.
As shown 1n FIG. 6, the first DA converter DAC31 has

switches SW31, SW32, SW33 and SW34.

The terminal a of the switch SW31 1s connected to the first
output terminal T, , ., whereas the terminal b of the switch
SW31 1s connected to the terminal a of the switch SW32.

The terminal b of the switch SW32 1s connected to the first
reference voltage input terminal T, ., whereas the terminal ¢
of the switch SW32 1s connected to the second reference
voltage input terminal 1, ..
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The terminal a of the switch SW33 1s connected to the
second output terminal T, , ., whereas the terminal b of the
switch SW33 1s connected to the terminal a of the switch
SW34.

The terminal b of the switch SW34 1s connected to the first
reference voltage mnput terminal T, ., whereas the terminal ¢
of the switch SW34 i1s connected to the second reference
voltage input terminal T+, 4,.

By the same token, the second DA converter DAC32 has
switches SW35, SW36, SW37 and SW38 as shown 1n FIG. 6.

The terminal a of the switch SW3S5 1s connected to the third
output terminal T , ., whereas the terminal b of the switch
SW35 1s connected to the terminal a of the switch SW36.

The terminal b of the switch SW36 1s connected to the first
reference voltage input terminal T, ., whereas the terminal ¢
of the switch SW36 1s connected to the second reference
voltage input terminal T+, 4,,.

The terminal a of the switch SW37 1s connected to the
fourth output terminal T, , ., whereas the terminal b of the
switch SW37 1s connected to the terminal a of the switch
SW38.

The terminal b of the switch SW38 1s connected to the first
reference voltage input terminal T, . whereas the terminal ¢
of the switch SW38 1s connected to the second reference
voltage input terminal T, _, .

As described above, the AX modulator 30 having the con-
figuration shown in FIG. 6 1s designed to function as a second-
order 1-bit feedback AX modulator of a continuous time sys-
tem and the first DA converter DAC31 plays the role of a
second-stage feedback DA converter.

Each of the first DA converter DAC31 and the second DA
converter DAC32 generates an output voltage synchronized
to the clock signal Vck. The output voltages are determined
by the level of the digital signal V__ . output by the AX modu-
lator 30.

To be more specific, with the digital signal V___ of the AX
modulator 30 set at a high level, the negative-side reference
voltage Vreim 1s selected 1n order to drive the AX modulator
30 to carry out an operation to lower the digital signal vV __ .

With the digital signal V_ _ of the A2 modulator 30 set at a
low level, on the other hand, the positive-side reference volt-
age Vrelp 1s selected in order to drive the AX modulator 30 to
carry out an operation to raise the digital signal V__ .

As described above, 1n the third embodiment, the first AX
AD converter 11B and the second A2 AD converter 12B adopt
a technology for eliminating distortion components, and the
coellicient ¢ for eliminating the distortion components 1s set
at 0.25.

The AX ADC 1s defined as a combination of a AX modulator
and a digital circuit used as a decimation filter. A non-ideality

causing distortion components and the like 1s generated by the
block of the AX modulator.

The AX modulator 30 shown 1 FIG. 6 1s configured to
include a second-order loop filter including two integrators
INT31 and INT32 each making use of a resistor and a capaci-
tor, a comparator functioning as a 1-bit quantizer and a 1-bit
DA converter for providing a feedback by changing a refer-
ence voltage by utilizing a switch.

It 1s necessary to provide the second AX AD converter 12B
with a coefficient a set at 0.25, that 1s, ¢=0.25.

The equation a=0.25 can be implemented by setting the
resistances/capacitances ol components employed in the first
A2 AD converter 11B at values different from respectively the
resistances/capacitances of the counterpart components
employed 1n the second AX AD converter 12B. In this case,
the components are the resistors N*R31 and N*R32 at the
input stage or the integration capacitors M*C31 and M*(C32
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as well as the load resistors R36/M and R35/M connected to
the second DA converter DAC32.

To put 1t concretely, the equation a=0.25 can be 1mple-
mented with ease by setting N=1 and M=1 1n the first AX AD
converter 11B and N=4 or M=4 1n the second AX AD con-
verter 12B.

In addition, by carrying out a bit-shift operation in the same
way as the second embodiment, the signal output by the first
A2 AD converter 11B can be multiplied with ease by a coel-
ficient a* (=0.0625) whereas the signal output by the second
A2 AD converter 12B can be multiplied with ease by a coet-
ficient a™" (=4).

The present disclosure provides to an AD conversion appa-
ratus employed 1n mainly a signal recerving equipment used
in a radio communication in addition to an audio equipment
and a medical measurement equipment as an apparatus hav-
ing the following eflects.

By multiplying the mput and output signals of two 1denti-
cal AD converters by proper coelficients and finding a differ-
ence between the signals output by the AD converters, 1t 1s
possible to eliminate the third-order distortion component
generated in the AD converters and, hence, much improve the
characteristic of AD converter whose dynamic range 1s lim-
ited by distortions.

This technique provided by the present disclosure 1s par-
ticularly useful in the design of an AD converter to be oper-
ated by making use of a low power-supply voltage.

4: Fourth Embodiment

FIG. 7 1s a block diagram showing a typical configuration
of a signal processing system 100 according to a fourth
embodiment of the present disclosure.

The signal processing system 100 1s a system to which the
AD conversion apparatus 10, 10A and 10B according to the
first, second and third embodiments respectively can be
applied. The signal processing system 100 1s employed typi-
cally 1n a recerver of communication equipment.

The signal processing system 100 1s configured to include
an analog-signal processing circuit 110, an AD conversion
apparatus 120 and a digital-signal processing circuit 130.

The AD conversion apparatus 10, 10A or 10B according to
the first, second or third embodiment respectively 1s used 1n
the signal processing system 100 as the AD conversion appa-
ratus 120.

In the signal processing system 100 shown in FIG. 7, as
much signal processing as possible 1s carried out by the digi-
tal-signal processing circuit 130. Thus, the scale of the ana-
log-signal processing circuit 110 can be reduced so that it 1s
possible to decrease the size of the signal processing system
100 and increase the efficiency of the signal processing sys-
tem 100.

In this case, mn order to implement the signal processing
system 100, that 1s, 1n order to carry out signal processing,
(which used to be performed by the analog-signal processing,
circuit 110) in the digital-signal processing circuit 130, 1t 1s
necessary to convert the analog mput signal into a digital
signal without losing information conveyed by the original
analog 1mput signal. For this reason, the AD conversion appa-
ratus 120 1s required to have a high SNR (signal-to-noise
ratio).

In order to implement a higher SNR, it 1s necessary to
satisly the following two conditions. In the first place, the
resolution represented by the number of bits needs to be
increased. In the second place, noises generated by the circuit
must be reduced. In addition, the AD conversion apparatus 1s
also required to be capable of carrying out AD conversion at
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a high speed. This 1s because the amount of information
increases as the processing speed of a signal processing sys-
tem 1s raised.

A typical example of the AD conversion apparatus 120
satistying these conditions i1s the AD conversion apparatus
10A provided 1n accordance with the second embodiment to
serve as an apparatus including the first pipeline AD converter
11A and the second pipeline AD converter 12A.

It 1s to be noted that either single operations or differential
operations can be applied to the embodiments described
above.

The present disclosure contains subject matter related to
that disclosed in Japanese Priority Patent Application JP
2011-020003 filed 1n the Japan Patent Office on Feb. 1, 2011,
the entire content of which 1s hereby incorporated by refer-
ence.

While preferred embodiments of the present disclosure
have been described using specific terms, such description 1s
tfor 1llustrative purpose only, and it 1s to be understood that
changes and variations may be made without departing from
the spirit or scope of the following claims.

What is claimed 1s:

1. An analog-to-digital conversion apparatus comprising:

a first analog-to-digital converter configured to convert an
input analog signal into a first digital signal;

a second analog-to-digital converter configured to convert
an analog signal obtained as a result of multiplying said
input analog signal by a coeflicient o 1nto a second
digital signal;

a first computing unit configured to multiply said first
digital signal output by said first analog-to-digital con-
verter by o obtained as a result of squaring said coeffi-
clent o.;

a second computing unit configured to multiply said sec-
ond digital signal output by said second analog-to-digi-
tal converter by o~' which is the reciprocal of said coef-
ficient a.; and

a third computing unit configured to compute a difference
between a first computation result output by said first
computing unit and a second computation result output
by said second computing unit and to output said differ-
ence as a result of analog-to-digital conversion carried
out on said input analog signal.

2. The analog-to-digital conversion apparatus according to

claim 1, wherein:

said first and second analog-to-digital converters are each
created as a pipeline analog-to-digital converter includ-
ing an input capacitor for sampling an input signal at the
input stage; and

the capacitance of said input capacitor included 1n said first
analog-to-digital converter 1s made different from the
capacitance of said input capacitor included 1n said sec-
ond analog-to-digital converter.

3. The analog-to-digital conversion apparatus according to

claim 2, wherein

the capacitance of said input capacitor included in said
second analog-to-digital converter 1s made smaller than
the capacitance of said input capacitor included i said
first analog-to-digital converter.

4. The analog-to-digital conversion apparatus according to

claim 1, wherein:
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said first and second analog-to-digital converters are each
created as a delta-sigma analog-to-digital converter;

cach of said delta-sigma analog-to-digital converters
includes

at least one integrator with an integration capacitor,

a quantizer configured to quantize a signal output by said
integrator 1n order to generate and output a digital
signal,

at least one digital-to-analog converter configured to
convert said digital signal generated by said quantizer
into an analog signal and feed said analog signal back
to the input side of said integrator through a load
resistor, and

an mnput resistor configured to recerve an mmput signal;
and

the resistances of said load and mput resistors included 1n
said first analog-to-digital converter and the capacitance
of said integration capacitor included 1n said first ana-
log-to-digital converter are made different from respec-
tively the resistances of said load and input resistors
included in said second analog-to-digital converter and
the capacitance of said integration capacitor included in
said second analog-to-digital converter.

5. The analog-to-digital conversion apparatus according to

claim 4, wherein

the resistances of said load and mput resistors included 1n
said second analog-to-digital converter and the capaci-
tance of said integration capacitor included 1n said sec-
ond analog-to-digital converter are made greater than
respectively the resistances of said load and 1nput resis-
tors included 1n said first analog-to-digital converter and
the capacitance of said integration capacitor included in
said first analog-to-digital converter.

6. A signal processing system comprising

an analog-to-digital conversion apparatus for converting
an mput analog signal generated by an analog-signal
processing system into an output digital signal, wherein

said analog-to-digital conversion apparatus includes:

a first analog-to-digital converter configured to convert
an mput analog signal into a first digital signal;

a second analog-to-digital converter configured to con-
vert an analog signal obtained as a result of multiply-
ing said mput analog signal by a coellicient o mto a
second digital signal;

a first computing unit configured to multiply said first
digital signal output by said first analog-to-digital
converter by a” obtained as a result of squaring said
coelficient ¢;

a second computing unit configured to multiply said
second digital signal output by said second analog-to-
digital converter by o.”* which is the reciprocal of said
coellicient a; and

a third computing unit configured to compute a differ-
ence between a first computation result output by said
first computing unit and a second computation result
output by said second computing unit and to output

said difference as a result of analog-to-digital conver-
s1on carried out on said input analog signal.
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